Coherent x-ray diffraction experiments have been used to probe the dynamics of the charge density wave (CDW) in the quasi-1D system NbSe 3 . The 2k F satellite reflection associated with the CDW has been measured with respect to external dc currents, below and above the depinning current. These measurements illustrate for the first time the extensive behavior of a moving electronic crystal: the creep regime, with nucleation of CDW dislocations, the flow regime, with motional ordering, along with phase slippage and the role of strong pinning due to an extrinsic defect. DOI: 10.1103/PhysRevLett.109.256402 PACS numbers: 71.45.Lr, 72.15.Nj, 78.70.Ck A very large number of physical systems obeys the general issue of elastic objects pinned by randomly distributed impurities. Those systems belong to two main categories: nonperiodic objects (e.g., isolated domain walls, or dislocation lines) and periodic ones, such as Wigner crystals, vortex lattices in superconductors, or charge density waves (CDW). In all those cases, the competition between elasticity and disorder leads to a rich phase diagram including three regimes: the creep regime at small forces, the depinning regime around a threshold force, and the flow regime at large driving forces where the elastic object moves as a whole with a finite velocity [1] . In the latter regime, the moving object is expected to be more ordered than at low velocity [2, 3] .
A very large number of physical systems obeys the general issue of elastic objects pinned by randomly distributed impurities. Those systems belong to two main categories: nonperiodic objects (e.g., isolated domain walls, or dislocation lines) and periodic ones, such as Wigner crystals, vortex lattices in superconductors, or charge density waves (CDW). In all those cases, the competition between elasticity and disorder leads to a rich phase diagram including three regimes: the creep regime at small forces, the depinning regime around a threshold force, and the flow regime at large driving forces where the elastic object moves as a whole with a finite velocity [1] . In the latter regime, the moving object is expected to be more ordered than at low velocity [2, 3] .
In this letter, the depinning of a CDW has been studied. A CDW is a 3D modulation of the electronic density which relies upon a nesting property of the Fermi surface and a periodic distortion of the lattice. The band filling fixes the wave vector of the modulation at twice the Fermi wave vector 2k F , which may be incommensurate. This is the case of the NbSe 3 compound studied here which displays a first incommensurate CDW modulation at 2k F ¼ 0:241b Ã below T c ¼ 144 K. Similar to the other elastic objects, the depinning of the CDW occurs above a threshold force which is induced here by an electric field. The CDW then slides with respect to the lattice, thus contributing to the electronic charge transport [4] .
A CDW is outstanding among other elastic objects. The depinning and sliding process is a complicated 3D phenomenon which has never been observed as a whole. A CDW is first charged and very sensitive to the type of pinning center. If the depinning process of a CDW is mainly driven by local intrinsic defects, the macroscopic extrinsic ones can also play an important role. It has been shown theoretically and experimentally [5, 6] that the presence of a surface step along the sample creates a CDW deformation close to the depinning regime. The second characteristic feature of a CDW system is its ability to convert free carriers into condensed carriers at the electrodes. This property is associated to the so-called phase slippage phenomenon leading to CDW phase variations [7] . In all cases, the phase of the modulation is the important parameter.
Only a few experiments are able to observe the sliding motion of a CDW. Among them, the diffraction technique probes the CDW through the periodic lattice displacements, uðrÞ ¼ u 0 cos½q CDW :r þ ðrÞ, which gives rise to two satellite reflections at AEq CDW around each Bragg reflection. Diffraction experiments were thus able to observe a decrease of the CDW correlation length in the direction transverse to the sliding motion below the threshold current [6, [8] [9] [10] as well as the motional ordering in the same direction above the threshold [10, 11] . Microdiffraction has also been performed to observe shear deformations around a surface step [12] and phase slippage [7, 13, 14] .
The collective motion of a CDW is observed here with a unique precision thanks to coherent x-ray diffraction. This approach is indeed essential to differentiate phase of amplitude variations. We have recently used coherent x-ray diffraction experiments to probe dislocations embedded in the bulk either in semiconductors [15] or in CDW systems at rest [16] [17] [18] . We observe, here, the overall behavior of CDW dislocations when the CDW is submitted to an external current on both sides of the depinning threshold. The careful study of the coherent diffraction patterns in the three directions of space enables us to observe the combined effect of creep, phase slippage, and pinning by an external defect.
A high quality ribbonlike NbSe 3 single crystal has been selected with an average thickness of 1:8 AE 0:2 m, a width of 50 m, and a length of more than 10 mm. The selected crystal was glued on a 50 m thick sapphire substrate with collodium and cleaned in an oxygen plasma. Two gold contacts were evaporated on the ends of the crystal keeping free the middle part of the sample over several millimeters. The sample was mounted in a He flow cryostat. The temperature dependence of the resistance and the current-voltage characteristics were measured at T ¼ 120 K in a two-probe configuration. In situ transport measurements were used to determine the threshold current value I s ¼ 0:8 mA (see Fig. 1 ). The current-voltage characteristics have been continuously measured during the experiment to check the threshold current, i.e., the CDW state (either static or sliding).
The coherent x-ray diffraction experiment was performed at the ID10A beam line at the ESRF synchrotron. A double Si(111) monochromator has been used which leads to a longitudinal coherence length L ¼ 2 =2Á ¼ 0:6 m at E ¼ 8:05 keV. The coherence setup was made of two sets of slits [19] . The first set was opened at S 0 ¼ 200 Â 200 m 2 at D ¼ 12 m from the sample which leads to a transverse coherence length of T ¼ D=S 0 % 9 m at the sample position. The second set was located 20 cm before the sample and closed at 10 m leading to a 90% degree of coherence. The 2D diffraction patterns have been recorded with a CCD camera (pixel size of 22 m) and located at 1.8 m from the sample.
The behavior of the q CDW ¼ ð0; 1:241; 0Þ satellite reflection versus external dc current below and above I s is displayed in Fig. 2 . The vertical axis of the 2D diffraction patterns corresponds to the longitudinal b Ã direction, i.e., the sliding direction. The horizontal one corresponds to the transverse direction t Ã ¼ a Ã þ c Ã . Rocking curves have been regularly measured in order to adjust the angle at the maximum intensity for each current. The x-ray beam was located in the middle part of the sample, far from any electrical contacts.
Many observations can be done from Fig. 2 both in the longitudinal and the transverse direction. Along the longitudinal b Ã direction first, the satellite can be fitted by a single Gaussian with a constant width below and above the threshold current: no motional narrowing is observed along b Ã in this current range. The most remarkable feature is the shift q CDW of the satellite position with respect to its zero-current position. Below the critical current I < I s , a first contraction of the CDW is observed with q CDW % ð3:1 AE 0:2Þ Â 10 À4 # A À1 . A sudden expansion of the CDW is then observed just above the threshold with q CDW % ðÀ1:9 AE 0:1Þ Â 10 À4 # A À1 . The peak position is then independent on the applied current above the threshold. 
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The profile in the transverse direction displays a very different behavior. The transverse width of the peak at I ¼0 is twice as sharp as the longitudinal one, but two peaks are already present. At a current as small as I $ 0:2 mA, i.e., 4 times smaller than I s , the transverse profile becomes about 5 times broader and speckles appear [20] . With increasing current up to I s , the overall width and the number of speckles decrease. For increasing currents above I s , the progressive disappearance of speckles is observed as well as the gradual emergence of two smooth overlapping peaks at I ¼ 2:25I s where two Lorentzian profiles are needed to fit the data. At large currents, both peaks remain at the same position. Note that those two peaks have nothing to do with speckles since the width of the two Lorentzian profiles is 8 times larger than the speckle's width expected from the sample slit aperture.
All these data illustrate the combined effect of four phenomena involved in the depinning process of a CDW: creep, motional narrowing, phase slippage, and pinning by extrinsic defect. Let us start with the phase slippage visible in the longitudinal direction. The longitudinal shift of the peak for I > I s has already been observed [7, 21] . This shift, which appears in the sliding regime only, suggests that the conversion rate may be suppressed by pinning of the dislocation lines, below some finite nonequilibrium threshold. It means that during the sliding motion, the carrier conversion is blocked and the normal and collective current densities, j n and j c , are fixed at values above (j n ) or below (j c ) their equilibrium values. It has been demonstrated in Ref. [13] that far from the electrical contacts and above the threshold current this can lead to a contraction or a dilatation of the CDW which is independent of the applied current in agreement with our measurement. Note that the sign of the Q shift changes from one contact to the other with an average slope in the central part of the sample of 2 Â 10 À4 ðb Ã Þ=mm (from Ref. [7] ). Here, the same position of the sample has been probed by our 10 m x-ray beam during the whole experiment. According to our measurements, the CDW is contracted already below the critical current. However, as the CDW does not move, there is no carrier conversion and there should be no changes in the CDW condensate density n c and hence no shift as q c is directly linked to n c via q c ðxÞ ¼ @'=@x ¼ n c :
Injecting current, however, induces a disequilibrium of the carrier densities in the system (at least of the normal carrier density n n ). The local electroneutrality condition implies that the variation of the carrier concentration follows the CDW wave number variations
hence, the CDW condensate density is changed and the corresponding satellite reflection shifts.
Consider now the interpretation of the profiles in the transverse direction. Speckles observed for even weak current are believed to be due to the presence of abrupt phase shifts in the bulk, i.e., CDW dislocations [16] . We consider speckles as the signature of the creep. In this current range indeed, the CDW is pinned by defects of different strengths. The critical current differs in various domains and the effects of creep take place. With increasing current (still below the threshold), more CDW domains start sliding and the number of speckle decreases.
Let us consider an elastic model for the creep in order to reproduce the measured profiles. The equilibrium equation for CDW phase ' in the constant external electric field E can be written as
where is the anisotropy parameter, x is the b Ã direction, y the transverse one t Ã , and z the direction orthogonal to the surface plane (see Fig. 1 ). We assume here that deformations as well as x-ray penetration are homogeneous across the sample. In this case @ 2 '=@z 2 can be neglected in Eq. (1). In addition, the main effect of the external electric field is the change of 'ðyÞ in the softest direction. Indeed, the correlation length is much larger in the chain direction, and speckles appear only in the y direction (see Fig. 2 ). Equation (1) then becomes
In the creep regime, the phase ' n of the nth chain which separates two adjacent domains, of which one does not move, is fixed to its initial value without current. This value can be set to 0 for convenience. The CDW system is then stratified into domains bounded by y ¼ d n and y ¼ d m with boundary conditions ðd n Þ ¼ ðd m Þ ¼ 0. The corresponding solution of Eq. (2) is
If we assume the presence of three different domains separated by one linear defect, and if we take into account the phase equation [Eq. (3)], the simulated diffracted intensity in Fig. 3 is in good agreement with the diffraction pattern measured at I ¼ 0:4 mA in Fig. 2 . Another important feature is the appearance of two smooth peaks above I s . The two peaks correspond to a wider rotation of the wave vector when the CDW shears along the surface step as already observed by topography [11] . In addition, the smoothing effect results from the time average since the 20 s acquisition time is much larger than the CDW velocity. The smoothing is a proof of the motion of the electronic crystal.
The transverse narrowing observed up to I ¼ 2:25I s corresponds to an increase of the CDW correlation length in the sliding state. This transverse motional ordering is in
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The last point concerns the presence of the two peaks at large current in the y direction. Indeed, the peak position can easily shift in the longitudinal direction, but not in the transverse one because of the symmetry conditions. Only a strong linear defect can indeed break the y ! Ày symmetry. It is important to realize that the side surface of the step is an essential perturbation upon the CDW, particularly because the electronic hybridization is important in the transverse direction (the y axis), while the chains at the step have no neighbors at one side. As a consequence, that creates an additional potential affecting the electron density, and hence, the CDW wave number which becomes q 0 þ k 0 . The mismatch can be cured only by an array of dislocations (lined in the z direction at a depth Y in the y direction). For a dense array, only a mean effect of dislocations is observed which can be modeled as the CDW phase ' ¼ kðyÞx where the shape kðyÞ interpolates from 0 in the bulk to k 0 at the kink surface. With such a type of defect, the diffraction pattern displays two peaks at two different positions along t Ã and with a different intensity, in agreement with the experiment at large current (see Fig. 3 ). Note also that the presence of two peaks at I ¼ 0 (see Fig. 2 ) is already the signature of the surface step.
The comparison with other CDW systems is interesting. In the case of K 0:3 MoO 3 , the sudden decrease of the transverse correlation length for very weak currents has been also observed, as well as the transverse motional narrowing. However, K 0:3 MoO 3 does not display clear speckle below I s (see Fig. 2 in Ref. [17] and Fig. 1 in Ref. [18] ) and the consequence of phase slippage close to contacts does not seem to exist in K 0:3 MoO 3 . In contrast, the appearance of a large soliton lattice for high currents measured in K 0:3 MoO 3 [18] has never been observed in NbSe 3 . Those differences show the profoundly different nature of the both CDW systems, which remains to be explain, especially why K 0:3 MoO 3 seems to not display creep below I s .
In conclusion, our coherent x-ray measurement on NbSe 3 provides the first complete picture of the depinning phenomenon of a CDW. It confirms the creep behavior below the threshold current through transverse CDW dislocations and shows the combined roles of two types of linear defects: extrinsic ones, like crystal steps elongated in the chain direction, and the induced intrinsic ones.
We are grateful to the staff of the Troika beam line, especially F. Zontone, and to P. Monceau and S. Ravy for helpful discussions. . These 2D pictures are followed by the corresponding transverse profiles. The last line displays the corresponding real space in the (x, y) plane. Three intrinsic defects (at y ¼ 7, y ¼ 5, and y ¼ À5) and a linear extrinsic one (surface step) at y ¼ 0 are present in the simulation (left column). The linear defect is still present above the threshold current.
